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Abstract Cryoablation is a low-invasive surgical proce-
dure for management of malignant tumors. Tissue destruc-
tion is obtained by repeated deep freezing and thawing
and results in coagulative necrosis and in apoptosis. This
procedure induces the release of tumor-associated antigens
and proinflammatory factors into the microenvironment.
Local administration of immature dendritic cells (DCs)
potentiates the immune response induced by cryoablation.
To further augment the induction of long-lasting antitumor
immunity, we investigated the clinical value of combining
cryoimmunotherapy consisting of cryoablation and inocu-
lation of immature DCs with administration of the immune
adjuvant, CpG oligodeoxynucleotides. Injection of the
murine Lewis lung carcinoma, D122-luc-5.5 that expresses
the luciferase gene, results in spontaneous metastases,
which can be easily monitored in vivo. The local tumor was
treated by the combined treatment. The clinical outcome
was assessed by monitoring tumor growth, metastasis in
distant organs, overall survival, and protection from tumor
recurrence. The nature of the induced T cell responses was
analyzed. Combined cryoimmunotherapy results in reduced
tumor growth, low metastasis and significantly prolonged
survival. Moreover, this treatment induces antitumor mem-
ory that protected mice from rechallenge. The underlying
suggested mechanisms are the generation of tumor-specific
type 1 T cell responses, subsequent induction of cytotoxic
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T lymphocytes, and generation of systemic memory. Our
data highlight the combined cryoimmunotherapy as a
novel antitumor vaccine with promising preclinical results.
Adjustment of this technique into practice will provide
the therapeutic benefits of both, ablation of the primary
tumor and induction of robust antitumor and antimetastatic
immunity.
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Introduction

Cryoablation of tumors offers a promising alternative for
conventional surgical procedures. It has been used increas-
ingly over the last few decades in a variety of human
malignancies, such as prostate [1], renal [2], hepatic [3],
esophageal [4], lung [5], bone, and soft tissue tumors [6].
Compared with surgical excision, the main advantages of
this technique are the potential for minimal invasiveness,
less damage to the surrounding tissues, reduced blood loss,
low cost, and lower morbidity and mortality. Another advan-
tage of cryoablation is the well-documented augmentation
of the immune response [7]. Cryoablation induces cell death
directly by damaging cellular membranes and organelles and
indirectly by causing vascular compromise through micro-
vascular thrombosis [8]. Cellular coagulation necrosis leads
to the release of intracellular contents, including tumor-asso-
ciated antigens (TAAs) and proinflammatory cytokines, into
the tumor microenvironment. These serve as potent inducers
of the antitumor response that is mediated through dendritic
cells (DCs). Thus, cryosurgery has the potential to affect
both as local and systemic treatment by direct ablation of the
primary tumor, and by eradication of recurrence in distant
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organs, which is mediated by the immune arm [7]. How-
ever, many reported only a partial systemic response with no
effect on metastasis [9-11], while others reported an immu-
nosuppressive outcome following cryosurgery [12].

One of the main factors that affect the generation of
the immune response following thermal tumor destruction
is the availability of professional antigen-presenting cells
(APCs) in the necrotic microenvironment. DCs are criti-
cal APCs that efficiently cross-present self-antigens on the
MHC class I and II molecules and subsequently promote
T cell priming and induce activation of Tyl helper cells
and cytotoxic T cells (CTL). DCs potently capture antigens
in their immature state and effectively cross-present them
in their mature state [7]. Thus, we previously suggested a
cryoimmunotherapy treatment that combines between cry-
oablation and subsequent intratumoral injection of ex vivo
generated immature DCs. This modality produced robust,
Tyl-mediated, tumor-specific CTL responses and gener-
ated effector memory T cells that mediated protection from
tumor rechallenge and reduced metastasis [13]. Although
life extension was significantly improved when compared
with cryoablation alone, the overall survival rate did not
exceed 50 %. These findings prompted us to boost antitu-
mor immunity by combining cryoimmunotherapy consist-
ing of DCs administration with an immune adjuvant, CpG
oligodeoxynucleotides (CpG-ODN).

Unmethylated CpG-ODNs are pathogen-expressed mol-
ecules, which are common in bacterial and viral DNA, but
are suppressed and methylated in vertebrates. They signal
through toll-like receptor 9 (TLR9), which is constitu-
tively expressed in human and murine plasmacytoid DCs
(pDCs) and B cells as well as in murine myeloid DCs [14].
Signal transduction, induced by CpG-ODN binding to
TLRY, results in the activation of nuclear factor-kB (NF-
kPB), cytokine production, upregulation of co-stimulatory
molecules, and subsequent induction of antigen-specific
humoral and cellular antitumor immunity [15]. Intratu-
moral administration of CpG-ODN following cryoablation
of established melanoma tumors induced potent antitumor
responses that protected mice from rechallenge [16].

Using a non-immunogenic highly metastatic murine
lung carcinoma model, we sought to investigate the thera-
peutic potential of combined cryoimmunotherapy consist-
ing of tumor cryoablation with subsequent intratumoral
co-administration of ex vivo generated immature DCs and
CpG-ODN. This treatment provides the factors that poten-
tially synergize to induce robust antitumor immunity: a
strong source for TAAs in the pro-inflammatory context;
large amount of DCs in an immature state that is optimal for
antigen uptake and activation; a potent immune modulator
that further potentiates DC-activated responses; and shared
spatial and temporal conditions. The combined modality
was compared to single cryoimmunotherapies that include
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cryoablation in combination with either DCs or CpG-ODN.
We studied the induction of functional antitumor immune
responses and their persistence, indicative of memory induc-
tion, and evaluated the impact on tumor growth, metastasis,
survival, and protection against tumor rechallenge.

Materials and methods
Mice and cell lines

Male C57BL/6 (H-2°) mice (8-10 weeks old) were pur-
chased from Harlan Laboratories (Isracl). Mice were
maintained at the AAALAC-accredited, SPF facility of the
Weizmann Institute. All animal procedures were approved
and conducted under Institutional Animal Care and Use
Committee guidelines.

3LL Lewis lung carcinoma and B16 melanoma clones of
C57BL/6 origin (H-2°) were maintained in DMEM supple-
mented with 10 % heat-inactivated FCS (HyClone, South
Logan, UT, USA), 2 mM L-glutamine, 1 % sodium pyru-
vate, 1 % non-essential amino acids (all from Sigma, St.
Louis, MO, USA), and combined antibiotics (Life Tech-
nologies, Grand Island, NY, USA). The D122 clone of 3LL
is highly metastatic and poorly immunogenic [17]. These
cells were stably transfected with a pCDNAIII-luciferase
plasmid to produce D122-luc-5.5 and cultured in pres-
ence of 1,000 wg/ml G-418 (Life Technologies). The 3LL-
K"39.5, a KP-transfected 3LL clone [18], was maintained
in presence of 500 pg/ml G-418 (Life Technologies).
Yac-1 was maintained in RPMI supplemented with 10 %
heat-inactivated FCS, 2 mM L-glutamine, 5 X 107> M
B-mercaptoethanol, and combined antibiotics. The F10.9
highly metastatic clone of the B16 melanoma [19] and
Yac-1 were used as non-related targets in CTL assay.

Reagents

The CpG oligodeoxynucleotide 1826 (CpG-ODN1826,
5’-TCC ATG ACG TTC CTG ACG TT-3’) was phosphoro-
thioated and synthesized by Sigma (Lyon, France). CpG-
ODN1826 was reconstituted in sterile pyrogen-free water
and then diluted in PBS. Murine granulocyte—macrophage
colony-stimulating factor (GM-CSF) (Prospec, Rehovot,
Israel) was reconstituted in 20 mM acetic acid and diluted
in PBS (phosphate-buffered saline). Lipopolysaccharide
(LPS) was purchased from Sigma (Saint Louis, MO, USA).

Generation of dendritic cells from murine bone marrow
cells

The procedure was previously described [13, 20]
and used with minor modifications. On day 8 of the
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culture, non-adherent cells were collected, adjusted to
15 x 10° cells/ml, resuspended in fresh medium contain-
ing 100 U/ml GM-CSF, and seeded in 100-mm tissue cul-
ture plates for 24 h. On day 9, non-adherent cells were har-
vested, washed, and resuspended in PBS to 80 x 106 cells/
ml before injection. To maturate DCs, 1 pg/ml of LPS was
added to the medium for another 24 h. On day 10, non-
adherent cells cultured with or without LPS were harvested
and analyzed by FACS (LSR II, BD, San Jose, CA, USA)
for cell surface markers characterizing mature and imma-
ture DCs (Fig. 1a).

Treatment modes

For the D122 spontaneous metastasis model, 5—-12 mice
per group were inoculated intrafootpad (i.f.p.) with 2 x 10°
cells/mouse of D122-luc-5.5. Tumors were measured with
calipers, and when reached the volume of 12-20 mm?>
V= %nr3), mice were treated twice, at 7 days interval
between two treatments. Anesthetized mice (ketamine/
xylazine) underwent cryotherapy by applying mild pres-
sure for 10 s with liquid nitrogen-frozen metal probe to the
tumor-bearing foot. A 5-mm-sized iceball was created. To
ensure complete thawing of the treated area before vac-
cination, mice were immunized 1 h later [13]. In the sin-
gle cryoimmunotherapy mode, local cryotherapy was fol-
lowed by intratumor (i.t.) injection of 2 x 10° immature

12-20 mm3

cDas MHCII

Surgical amputation
at tumor volume of
200-300 mm3

Cryosurgery/ no cryosurgery
combined with:

PBS CpG or
(intra-tumor)  immature DCs
(intra-tumor)

CpG and immature DCs
(intra-tumor)

DCs or 10-50 png CpG, whereas, in the combined cryoim-
munotherapy, it was followed by in situ co-administration
of immature DC and CpG, in a volume of 50 pl. Control
mice were injected i.t. with immature DC, CpG, or a com-
bination of DC and CpG (immunotherapies) with PBS,
in a volume of 50 wl (Fig. 1b). Buprenorphine (0.1 mg/
kg, s.c., for analgesia) was given 1 h after the treatments
and for 2 more consecutive days. When the tumor reached
the volume of 200-300 mm? (as measured with calipers),
the tumor-bearing leg was amputated below the knee.
Mice were monitored daily and killed when moribund or
100-120 days post-amputation. Lung metastatic load was
assessed by lung weight and by in vivo imaging analysis
(IVIS). Survival was defined as the day when mice were
killed. In some experiments, mice that survived for 90 days
post-amputation were rechallenged with 2 x 10° D122-
luc-5.5 in the other foot and monitored for tumor growth
kinetics and survival.

In vivo optical imaging

Optical imaging of metastases in mice was performed by in
vivo fluorescence imaging with an IVIS 200 small animal
imaging system (Xenogen, Alameda, CA, USA). Identical
illumination settings (lamp voltage, filters, f/stop, field of
views, binning) were used for acquiring all images, and flu-
orescence emission was normalized to photons per second
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per centimeter squared per steradian (p s-1 cm-2 sr-1).
Metastatic load was detected in mice following treatments.
Mice were injected with 30 mg/ml of firefly p-luciferin
(Xenogen, Alameda, CA, USA) i.p. in a volume of 100 pl
and after 2 min were anaesthetized with mixture of 15 %
xylazine HCL (20 mg/ml, V.M.D Arendonk, Belgium) and
85 % ketamin HCL (100 mg/ml, Fort Dodge, IA, USA) i.p.
in a volume of 50 pl. The fur covering the chest area was
shaved to reduce light absorbance and scattering. Images
were acquired 8 and 10 min after firefly p-luciferin injec-
tion and analyzed using Living Image 3.1 software (Xeno-
gen, Alameda, CA, USA).

FACS analysis

For cell surface markers and T regulatory cells stain-
ing, mice (3 per group) were killed 7 days after the sec-
ond treatment. Single-cell suspensions from spleens
and draining lymph nodes were prepared and adjusted to
1 x 10° cells/100 pl in staining buffer (PBS with 0.5 %
BSA and 0.1 % sodium azide). Anti-CD16/32 (1 pg,
e-Bioscience, San Diego, CA, USA) was added for 15 min
at 4 °C, followed by fluorochrome-conjugated antibodies
(CD4, CD8, CDllc, CD11b, Gr-1, CD44, CD62L, CD25,
CD80, CD86, MHC class II, F4/80, Foxp3 eBioscience) for
30 min at 4 °C in the dark.

For intracellular staining of cytokines, cells (1 x 10%)
were incubated for 6 h at 37 °C, 5 % CO, in lympho-
cyte medium supplemented with 50 ng/ml of phorbol
12-myristate 13-acetate (Sigma) and 750 ng/ml ionomycin
(Sigma). Brefeldin A (GolgiPlug, 1 pg/ml, BD) was added
for the last 4 h. Then, cells were harvested, suspended in
staining buffer, and blocked with anti-CD16/32 as above.
Anti-CD4 or CDS8 antibodies were added, followed by
washing and fixation with 4 % paraformaldehyde for 20
min at 4 °C. Further, cells were permeabilized in PBS
containing 5 % FCS, 0.1 % saponin (Sigma), and 0.1 %
sodium azide for 15 min at 4 °C and incubated with anti-
IFN-y, TNF-a, or IL-4 (eBioscience) for 30 min. Samples
were acquired and electronically compensated on LSR 1I
(BD) and exported for analysis in FlowJo (Tree Star, Ash-
land, OR, USA).

In vitro cytotoxicity assay

C57BL/6 mice surviving the indicated treatments and naive
control groups were rechallenged with 2 x 10° D122-
luc-5.5 cells in the other footpad. At 40 days post-tumor
inoculation, mice were killed and splenocytes were sub-
jected to in vitro cytotoxicity assay previously described
[13]. Briefly, splenocytes were seeded on monolayers of
irradiated (7000RAD) mitomycin C (80 pg/ml, Sigma)-
treated D122-luc-5.5 cells. The cultures were incubated for
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5 days in complete lymphocyte medium (RPMI medium
supplemented with 10 % FCS, 2 mM L-glutamine, 1 %
sodium pyruvate, 1 % non-essential amino acids, 25 mM
HEPES pH 7.4, 5 x 107°M B-mercaptoethanol, and com-
bined antibiotics). Then, the cultures were harvested and
separated on lympholyte-M gradients (Cedarlane Labora-
tories Ltd., Hornby, Ontario, Canada) by centrifugation at
2,400 rpm for 30 min at 18 °C. Viable cells were adjusted
to 1 x 107 cell/ml and seeded at several concentrations in
U-shaped microtiter wells.

Target cells (D122-luc-5.5, K"39.5, B16-F10.9) were
incubated with 10 pl *3S methionine (EASYTAG methio-
nine, 10 mCi/ml, PerkinElmer, Waltham, MA, USA) over
night. Then, %S methionine-labeled cells were washed
and adjusted to 5 x 10* cells/ml in complete lymphocyte
medium. These were incubated with the prepared effec-
tor cultures for 5 and 18 h (at four effector-to-target ratios
ranging from 100:1 to 12.5:1). Cultures were terminated
by centrifugation. Supernatants were mixed with Micro-
scint-20 scintillation fluid. Released 3°S methionine was
measured by S counter (PerkinElmer). Percentage of spe-
cific lysis was calculated as follows:

% of specific lysis

cpm in experimental well — cpm spontaneous release 100
= - X
cpm maximal release — cpm spontaneous release

Statistical analysis

Statistical analyses of the lung weights, luciferase activity,
and cell population analysis were conducted with 1-way
ANOVA. Tumor growth kinetics and CTL assay analyses
were conducted with 2-way ANOVA. Significance of the
differences was assessed by Bonferroni multiple compari-
son post-test. Data presented as mean + SEM. Survival
curves were generated using product limit (Kaplan—Meier)
method, and comparisons were conducted using log-rank
(Mentel-Cox) test.

Results

Combined cryoimmunotherapy reduces tumor growth
and metastasis

We tested whether combined cryoimmunotherapy, which
consists of cryosurgery and co-administration of DCs and
CpG, is more effective than a single mode of cryoimmu-
notherapy in eliciting antitumor response. We induced
spontaneous metastases by inoculation of D122-Luc-5.5
cells i.f.p. Mice were treated immunotherapies or with a
single (DCs or CpG) or combined (DCs and CpG) cryo-
immunotherapy as described in materials and methods
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Fig. 2 Increased survival of mice treated with combined cryoimmu-
notherapy. Mice were inoculated i.f.p. with D122-luc-5.5 and then
treated as described in materials and methods. a Tumor growth kinet-
ics measured with calipers (tumor volume, mm?). b Post-surgical

(Fig. 1b). The tumor-bearing feet were measured with cal-
ipers to monitor the kinetics of tumor growth. While sin-
gle cryoimmunotherapy with CpG mildly inhibited tumor
growth, the most significant decrease in tumor growth was
detected in mice treated with combined cryoimmunother-
apy. Minimal effects on tumor growth were observed in
groups treated by immunotherapies alone (Fig. 2a). When
tumors reached the volume of 200-300 mm?®, tumor-
bearing feet were amputated, and mice were monitored
for their post-surgical survival. As shown in Fig. 2b, all
groups treated with cryoimmunotherapy showed improved
survival, when compared with other treatments. However,
the most significant increase was detected in the group
treated with combined cryoimmunotherapy (Fig. 2b).
Next, we studied whether the increased survival of mice
treated with combined cryoimmunotherapy stems from
the anti-metastatic effect induced by this treatment. Mice
were treated as described in Fig. 1b and were subjected to
in vivo optical imaging analysis (IVIS) of lung metastases,
57 and 72 days post-tumor inoculation. On day 57, most
of the mice in the control groups suffered from progres-
sive lung metastases, while in mice treated with combined
cryoimmunotherapy metastases were undetectable by IVIS
(Fig. 3a, b). By day 72, surviving mice had fewer metasta-
ses or metastases undetectable by IVIS, as can be appreci-
ated from the fluorescence in the lung area (Fig. 3a, c). To
further validate the results obtained by IVIS, lung weights
were measured, as an indication for metastatic spread. In
accordance with the results obtained by IVIS, only com-
bined treatment statistically reduced metastatic loads and
resulted in normal lung weights (Fig. 3d). Immunotherapies

20 40 60 80 100 120

Days after tumor inoculation

survival of mice treated with different protocols. Combined results
of five independent experiments (n = 5-8 mice per group per experi-
ment). *P < 0.05; **P < 0.001; ***P < 0.0001

alone showed a mild antimetastatic effect (Fig. 3b—d and
supplementary Fig. 1).

Combined cryoimmunotherapy modulates immune
responses

To study the mechanisms involved in the anti-tumoral
activity induced by combined cryoimmunotherapy, we ana-
lyzed the immune cell populations residing in the tumor-
draining lymph node (dLN) 7 days following the second
treatment. Initially, we tested the activation status of T lym-
phocytes, as manifested by cell surface expression of CD44
and CD62L. Relatively to control treatments and to single
cryoimmunotherapy, combined cryoimmunotherapy mark-
edly increased the percentage of effector CD4% (Fig. 4a and
supplementary Fig. 2a) and CD8™ (supplementary Fig. 2b)
T cells, as was reflected by high and low expression levels
of CD44 and CD62L, respectively. Moreover, we detected
an elevation in CD4™ and CD8™ T effector cell populations
also in spleens of mice treated with combined cryoimmu-
notherapy, indicative of the systemic immunity induced by
this treatment (supplementary Fig. 3).

To further elucidate the antitumor mechanism, we
studied the T helper subsets that were induced by the dif-
ferent treatments. Types 1 and 2 immune responses are
characterized by the patterns of cytokines they produce.
Cytokine-releasing profiles of CD4" and CD8" T cells
were characterized on day 8 post-second treatment by flow
cytometric analysis. The percentages of CD4" and CD8"
T cells that produced IFNy were significantly higher in
mice treated with combined cryoimmunotherapy, when
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Fig. 4 Immunocyte populations in the dLNs of tumor-bearing mice
following treatments. Mice were inoculated i.f.p. with D122-luc-5.5
and further treated as described in materials and methods. Eight
days post-second treatment, the dLNs were excised and analyzed by
flow cytometry. a Percentages of CD4" effector T cells (CD62L'Y

CD44%¢M)  b-e Percentages of CD4" and CD8' T cells secreting
IFNy (b), TNFa (c), IFNy and TNFa (d), IL4 (e). f Percentages of
Treg (CD4TCD25%Foxp3™) cells. Data presented as mean = SEM,
combined results of three independent experiments (n = 5-8 mice per
group per experiment). *P < 0.05; **P < 0.001
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compared with single cryoimmunotherapy or control treat-
ments (Fig. 4b, supplementary Fig. 4a). Additionally, this
treatment resulted in increased levels of TNFa (Fig. 4c,
supplementary Fig. 4a) and double positive (IFNy and
TNFo) (Fig. 4d, supplementary Fig. 4a) secreting CD4™"
and CD8* T cells, indicating induction of CD8" CTL and
CD4™" T helper 1 (Ty1) tumor-specific effector cells. Ty2
CD4* T cells, that predominantly secret high levels of IL4,
alter adaptive immunity by inducing T cell anergy, inhib-
iting T cell-mediated cytotoxicity as well as promoting
humoral immune responses directed by B cells [21]. While
single cryoimmunotherapy with DC or CpG increased
the percentage of IL4 secreting CD4" and CD8™ T cells,
the proportion of predominantly expressing IL4 cells in
the combined treatment was similar to that detected in
control treatments (Fig. 4e). Taken together, these find-
ings suggest that type 1 rather than type 2 responses, pro-
moting antitumor immunity, were induced by combined
cryoimmunotherapy.

Regulatory T cells (Tregs), key mediators of immune
tolerance toward self-antigens, potently suppress anti-
tumor immunity and are often responsible for the fail-
ure of immunotherapeutic regimens [22-24]. Combined
cryoimmunotherapy resulted in a significant decrease in
CD4TCD25"Foxp3™ Treg population residing in the tumor
dLN, relatively to control and single cryoimmunotherapy
treatments (Fig. 4f, supplementary Fig. 4b). This indicates
that the combined therapy induces local inhibition of this
suppressive cell population, which augments the antitumor
response.

Cryoimmunotherapy induces potent systemic antitumor
immunity

To analyze whether cryoimmunotherapy induces sys-
temic antitumor immunity, we inoculated D122-Luc-5.5
cells into mice that were treated as described previously.
Eighty to 95 days following amputation of the primary
tumor-bearing foot, surviving mice, and a group of naive
mice were rechallenged with 2 x 10° D122-Luc-5.5 cells
in the other foot. All mice, in both single and combined
cryoimmunotherapy treated groups, rejected the second
tumor as opposed to the control group (Fig. 5a). This result
points to a specific antitumor memory that was induced by
cryoimmunotherapy.

At 45 days after tumor rechallenge, splenocytes were
isolated and analyzed for T cell activation and helper sub-
sets. As shown in Fig. 5b, mice that received combined
therapy showed a significant increase in both CD4" and
CD8*' T effector cell populations. Moreover, this treat-
ment resulted in induction of Tyl and CTL responses, as
reflected by the elevation of IFNy producing CD4*" and
CD8™ T lymphocytes (Fig. 5c).
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Combined cryoimmunotherapy induces in vitro CTL
activity

To evaluate the CTL response in vitro, splenocytes from
rechallenged mice were tested for their CTL activity against
relevant and irrelevant tumor targets. D122-Luc5.5 and the
3LL-K"39.5, a K°-transfected 3LL-D122 clone, served as
specific targets, B16-F10.9 cells served as unrelated target,
and Yac-1 cells were used for detecting natural killer (NK)
cell activity. Only splenocytes from groups treated with
the combined treatment showed significant killing activity
against the specific Lewis lung carcinoma targets (Fig. 6a,
b). These CTLs were tumor specific, since no killing of
the unrelated melanoma clone or Yac-1 cells was detected
(Fig. 6c, supplementary Fig. 5). These findings suggest
that though single cryotherapy managed to induce specific
antitumor memory, only combined therapy resulted in the
generation of effector memory cells. Noteworthy, 10 pg
of CpG were sufficient to induce CTL activity when they
were co-administrated with DCs subsequently to cryosur-
gery. Single cryoimmunotherapy with 50 pg of CpG also
induced mild CTL antitumor response, when compared
with the group with primary tumor. However, the combined
treatment with co-administration of 50 pg of CpG and DCs
resulted in markedly increased CTL activity (Fig. 6d).

Discussion

Minimally invasive therapies are an alternative approach
to surgical intervention in the treatment of malignant dis-
eases. In situ cryoablation of malignant tissues leads to cel-
lular necrosis and apoptosis that stimulate innate immune
response by generating a supportive immune platform for
DC activation, subsequently inducing antigen-specific
adaptive immunity [25]. However, to achieve a reliable
clinical response, there is a necessity to augment this pro-
cess [8]. Local administration of immune adjuvants that
activate DCs is a common vaccination strategy that induces
tumor-associated inflammation and protective immunity
[26]. One of the frequently used adjuvants in anti-cancer
treatments is synthetic ODN that contain unmethylated
cytosine-phosphate-guanine (CpG) motifs. CpG-ODN was
shown to potently induce activation and maturation of DCs
by engaging TLRY [14]. Upon activation through TLR9
signaling, DCs secrete type-1 IFNs, express increased lev-
els of co-stimulatory molecules CD80 and CD86, and sub-
sequently initiate cell-mediated Tyl and CTL responses
[14]. Preclinical studies in a variety of murine tumor
models demonstrate antitumor activity of CpG-ODN, not
only as a monotherapy but also in combination with other
therapies [27, 28]. den Brok et al. [16] demonstrated that
TLR stimulation by CpG, combined with cryoablation,
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Fig. 5 Protection against parental tumor rechallenge in mice that
rejected the primary tumor. Mice were inoculated with D122-luc-5.5
cells and treated as previously described. Surviving mice (80-95 days
following amputation of the primary tumor-bearing foot) and a con-
trol group of six age-matched naive mice were rechallenged with
2 x 10° D122-luc-5.5 cells in the other foot. a Tumor growth kinet-

eradicated primary and recurrent murine melanoma tumors
by modulating DCs in vivo. However, when using immune
adjuvants, it is both difficult to assure the directed migra-
tion of DCs to the tumor microenvironment and to control
their quantity and quality. The DCs maturation state is of
great importance when considering effective induction of
immunity, since immature rather than mature DCs are con-
sidered to be efficient in antigen ingestion and processing
[29]. These obstacles could be surpassed by the use of ex
vivo generated DCs. Numerous studies showed that ex vivo
generated DCs potently evoke specific antitumor responses
[30, 31]. The selection of tumor antigens to be presented
by these cells, as well as the provision of DC maturation
and activation signals, is important parameters in success-
ful induction of immunity [32, 33]. Previously, we demon-
strated, in mouse models of lung carcinoma and melanoma,

ics measured with calipers (tumor volume, mm?). Forty-five days
after tumor rechallenge, cells were isolated from spleens and ana-
lyzed for: b percentages of CD41 and CD8™ effector T cells (CD62L-
low CD44MeM) ¢ percentages of IFNy and TNFa secreting CD4*
and CD8" T cells. Combined data of two independent experiments
(n = 5-8 mice per group per experiment). ***P < (0.0001

that intratumoral injections of immature DCs following
cryosurgery resulted in generation of robust antitumor
responses and reduced lung metastasis [13]. However, only
50 % survival was achieved.

This study aimed to improve the therapeutic value of
cryoimmunotherapy by applying a novel immunization
protocol. Herein, we report that in situ tumor destruction by
cryoablation combined with co-administration of immune
stimulatory TLR agonist, CpG, and ex vivo generated
immature DCs induced tumor-specific immune responses
that enhanced robust systemic immunity, increased sur-
vival (Fig. 2), and inhibited lung metastasis (Fig. 3). Our
immunization strategy incorporates a combination of fac-
tors, including a strong source for tumor antigens in a sup-
portive pro-inflammatory context, ex vivo generated anti-
gen-unloaded immature DCs, and a potent DCs modulator,

@ Springer



378

Cancer Immunol Immunother (2014) 63:369-380

a D122-Luc5.5
50 -
[=)] bl = Primary tumor
é 40 4 -e- CRYO+CpG
7 - CRYO+CpG+DC
o 30
=
[3] ]
3 20 o
D 404 s
S
AN A A A
.\QQ < i ,\q,?’
E:T ratio
C
B16-F10.9
50 -
g‘t =& Primary tumor
= 40 A -~ CRYO+CpG
< -# CRYO+CpG+DC
o 30
=
[%} 4
Q 20
Q.
U’ 10 -
ES E\
0 * * —— —
N A A A
& B DA
E:T ratio

Fig. 6 Induction of systemic antitumor immunity by combined cryo-
immunotherapy. Mice were inoculated with D122-luc-5.5 cells and
treated as previously described. Surviving mice (80-95 days fol-
lowing amputation of the primary tumor-bearing foot) and a control
group of six age-matched naive mice were rechallenged with 2 x 10’
D122-luc-5.5 cells in the other foot. Spleens were removed 45 days
later, and cells were stimulated with irradiated D122-luc-5.5 cells for

CpG-ODN. The route and the timing of CpG inoculation
were shown to be of great influence on the clinical out-
come. Only simultaneous cryosurgery and peritumoral
CpG injection were shown to induce long-lasting potent
antitumor responses due to the prerequisite for colocaliza-
tion of antigen uptake by DCs and their concurrent stimu-
lation [34, 35]. Co-administration of DCs and CpG imme-
diately following cryosurgery ensures that CpG remains in
close proximity to the TAAs and to the DCs. Activated DCs
induce robust Ty1-type and CTL responses, as was shown
by an elevation in IFNy and TNFa secreting effector CD4™"
and CD8™ T cells (Fig. 4a—d), which control tumor expan-
sion and initiate persistent systemic immunity. Although
intratumoral administration of DC and CpG without cryoa-
blation shows mild reduction in tumor metastasis, the over-
all survival shows a significant improvement of combined
cryoimmunotherapy (Fig. 2b).
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5 days. Further, they were incubated with the following **S-methio-
nine-labeled target cells: D122-luc-5.5 (a), K®39.5 (b), and B16-
F10.9 (c). CTL assays were carried out at four effector:target ratios
ranging from 100:1 to 12.5:1, in triplicates. d Specific killing of
D122-luc-5.5 at effector:target ratio of 100:1 is shown for the differ-
ent CpG-ODN concentrations. n = 5-8 mice per group; *P < 0.05;
**P <0.001; ***P < 0.0001

Antitumor immune responses might be suppressed by
several immunoregulatory populations. Treg cells can rec-
ognize self-antigens, including tumor-associated antigens
with high avidity, and when properly stimulated, to sup-
press effector T cell function, directly through IL-10 and
TGFp secretion and indirectly by altering DCs maturation
and activation [36]. Tregs constitutively express cytotoxic
T lymphocyte-associated antigen 4 (CTLA-4), and their
immunosuppressive function was shown to be dependent
on its signaling [37]. Disruptive radiofrequency ablation
(RFA) of murine melanoma, in conjunction with CTLA-4
blockade, was shown to induce antitumor immunity [25],
presumably due to suppression of Tregs. Likewise, it was
shown that only co-injection of anti-CTLA-4 together with
CpG depleted tumor-infiltrating Tregs and resulted in tumor
eradication [38]. Thus, immunization protocols that reduce
Treg expansion and activation would be the most beneficial
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when considered to be combined with cryotherapy. Only
combined cryoimmunotherapy succeeded in overcom-
ing the immunosuppressive tumor microenvironment and
resulted in a significant reduction in CD4TCD25%Foxp3™
Treg population residing in the tumor dLN (Fig. 4f).

Ty2 cells are another population that may suppress the
generation of effective CTLs by secreting IL-4, which
alters their capacity to kill and to infiltrate into tumors [39].
Indeed, our findings indicate that when compared with sin-
gle cryoimmunotherapies, the combined treatment reduced
the suppressive T2 population (Fig. 4e).

One of the major goals of tumor immune vaccines is to
induce durable and long-lasting functional CTLs. Properly
stimulated DCs will efficiently cross-present the processed
antigens to CD8™ T cells and prime the differentiation of
these cells into effector CTLs [40]. In this regard, the com-
bined cryoimmunotherapy protected mice that had survived
primary tumors from rechallenge (Fig. 5a). High levels of
IFNy secreting CD8T T cells that express CD44"" and
CD62LY on the cell surface were abundant in spleens of
the rechallenged mice, primarily treated with the combined
treatment (Fig. 5c, b). These cells seem to underlie the
detected protection, since they transacted strong tumor-spe-
cific CTL responses, indicating on the induction of long-
term systemic memory (Fig. 6).

Cryoablation combined with co-administration of DCs
and CpG shows promising results in the murine lung car-
cinoma model. However, in order to apply this vaccination
regimen to human trials, some adjustments may be con-
sidered. While using CpG to induce DC-mediated antitu-
mor immunity has shown promising results in mouse pre-
clinical studies, the clinical application of CpG in humans
has thus far showed only partial clinical success [41]. This
may stem from the differential expression of TLR9 on DC
subsets between humans and mice. While in mice, TLR9 is
expressed on both pDC and myeloid (mDC) DCs, human
mDCs express all TLRs except TLR7 and TLR9, which are
selectively expressed by pDCs [42]. Recent studies suggest
that pDCs and mDCs should cooperate synergistically to
induce potent antitumor responses, especially when stimu-
lated by cryoablation [43]. Thus, in order to adjust the sug-
gested immunization protocol into clinical practice, TLRs
other than TLR9 should be considered as targets for stim-
ulation. Moreover, a simultaneous stimulation of several
TLRs may be even more beneficial.

In conclusion, although some adjustments are needed
in order to apply this therapeutic mode for use in humans,
this study introduces a novel and promising vaccination
approach for the treatment of solid tumors and the preven-
tion of metastases development.
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